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Abstract
The role of krill as a source of dissolved organic matter in the Southern Ocean was tested through a series of
experiments performed around the Antarctic Peninsula. These experiments revealed high but variable release rates
of dissolved material (carbon and nutrients), supplying, on average, 150 mmol dissolved organic carbon (DOC)
m22 d21, which is comparable with that supported by phytoplankton. Krill support, on average, 73% of the
combined krill + phytoplankton production of DOC in the ecosystem, implying the importance of krill in
conditioning the productivity of the Southern Ocean. However, the contribution of krill as a source of DOC
varied greatly because of the patchy distribution of both krill and primary producers in the region, ranging from
98% to 10% of the combined (krill + phytoplankton) DOC release rates. These results suggest that rapid decline in
krill standing stocks associated with reduced ice cover may have major consequences for microbial communities
in the ecosystem, since bacterial carbon demand often exceeds the DOC supplied by phytoplankton in coastal
areas of the Southern Ocean, with potential unforeseen consequences in the carbon balance of the Southern
Ocean.
Antarctic krill, Euphasia superba, with an estimated
abundance of , 170 3 109 kg (Atkinson et al. 2004), is
arguably one of the most abundant animals on Earth
(Nicol and Endo 1997; Siegel 2005), acting as a major node
in the Antarctic food web, where it is consumed by a broad
range of Antarctic megafauna (Murphy 1995). Provided
its high biomass and production, krill must also play a
key role in the recycling of materials, thereby affecting
the Antarctic microbial food web both as a consumer
(Atkinson et al. 2001) and as a source of necessary recycled
materials (Tovar-Sanchez et al. 2007). Indeed, available
evidence shows that krill plays a crucial role in recycling
nitrogen, phosphorus, iron, and other metals in the
Southern Ocean, contributing to the high primary produc-
tivity of these waters by supplying readily utilizable iron,
phosphate, and ammonia (Ikeda and Mitchell 1982; Tovar-
Sanchez et al. 2007, 2009). Krill has been recently shown to
play a key role in producing chromophoric dissolved
organic matter (CDOM) (Ortega-Retuerta et al. 2009),
providing indications that krill can play a significant role as
a source of dissolved organic carbon (DOC) to the
environment. Previous attempts to use CDOM measure-
ments to infer DOC concentrations yielded adequate
correlations only when DOC dynamics are controlled by
terrestrial or riverine inputs. Moreover, because the
mechanisms that drive CDOM and DOC distribution are
uncoupled in oceanic areas, no conversion factors found in
the literature can be used to estimate DOC from CDOM in
the Southern Ocean (Nelson and Siegel 2002; Coble 2007).
Hence, quantitatively assessing the role of Antarctic krill as
a source of DOC to the microbial food web is particularly
important, because bacterial communities in Antarctica are
quite sparse relative to the biomass of autotrophs
compared with other ocean areas (Duarte et al. 2005).
Possible explanations for the low abundance, and activity,
of bacteria in the Southern Ocean include substrate
limitation (Church et al. 2000; Pomeroy and Wiebe 2001)
resulting in low growth rates that render bacterial
communities prone to grazer control (Duarte et al. 2005).
Evaluations of DOC release by Antarctic phytoplankton
communities showed that release rates vary between 3%
and 47% of primary production (Mora´n and Estrada 2002).
These values fall within the range of those reported for
other oceans, although it is not uncommon to find higher
values (Karl et al. 1998; Myklestad 2000; Teira et al. 2003).
This release of DOC by phytoplankton is generally found
to be coupled to bacterial production in the Southern
Ocean (Mora´n et al. 2001). However, there is also evidence
of decoupling between bacterial and phytoplankton pro-
duction in coastal areas (Mora´n et al. 2002), such as the
Gerlache Strait (Bird and Karl 1999).
It is well established that there are a suite of mechanisms
that can lead to DOC release into the water column,
providing the necessary DOC to sustain carbon consump-
tion rates, when these exceed primary production (Nagata
2000). Grazers (protozoa and zooplankton) contribute to
the DOC pool by sloppy feeding, excretion, egestion, and
dissolution of fecal pellet material (Strom 1997). Viral
infections of bacteria and phytoplankton can also compose
an important fraction of the DOC released to the
environment (Nagata 2000). Protozoans account for as
much as 50% of total DOC, whereas zooplankton produce
as much as 12% (Nagata 2000). Several experiments
demonstrate the importance of copepods in the production
of DOC (Strom et al 1997; Urban-Rich 1999; Møller 2007).
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no quantitative estimates of DOC contributed by zoo-
plankton in the Antarctic peninsula. As one of the most
abundant species in this environment, krill must then play a
fundamental role in supplementing bacterial carbon de-
mand (BCD) above the limits imposed by DOC directly
delivered by autotrophs. Therefore, its role as a source of
DOC in the Southern Ocean ecosystem has not yet been
elucidated.
Here we evaluate experimentally the rates and dynamics
of DOC and nutrient release by Antarctic krill, as the major
zooplanktonic species in this environment (Ross et al.
1996), and their stoichiometry with nitrogen and phos-
phorus, and evaluate the importance of krill-derived DOC
relative to the DOC produced by phytoplankton. We do so
on the basis of a cruise, Aportes Atmosfe´ricos de Carbono
Orga´nico y Contaminantes al Oce´ano Polar (ATOS)-
Antarctic, conducted on board the RV Hespe´rides around
the Antarctic Peninsula.
Methods
The release of DOC, NHz4 , total nitrogen (TN), and
total phosphorous (TP) by Antarctic krill (E. superba) was
examined between January and February 2009, time of
peak krill abundance (Siegel 2000), during the ATOS-
Antarctic cruise on board the RV Hespe´rides along the
Antarctic Peninsula sector of the Southern Ocean. All
experiments were done along the Antarctic Peninsula,
including the Weddell Sea, the Antarctic Sound, the
Bransfield Strait, down to the Bellingshausen Sea, south
of the Polar Circle (Fig. 1).
Krill individuals for excretion experiments were collected
within the upper 50 m at eight stations with contrasting
oceanographic characteristics (Fig. 1). Krill swarms were
located using a SimradTM EK60 multifrequency echosoun-
der. The specimens for the experiments were caught using
an Isaacs–Kidd midwater trawl net (1-cm mesh size)
trawled for 20 min at the depth where krill swarms were
located (typically about 20–30-m depth). Krill specimens
were caught whenever a large enough swarm was identified,
and as such, the time of day for the experiments varied
among the different dates (Table 1). Time of day of
experiments was not expected to affect krill feeding rates,
since they feed continuously in the field (Antezena et al.
1982; Morris et al. 1983). After retrieval, live krill were
placed in a 50-liter plastic container filled with seawater
and held for a short time (typically less than 5 min) before
the experiments were performed. The release experiments
followed the procedure described by Tovar-Sanchez et al.
(2007). Before the krill were captured, surface seawater (1-
m depth) was pumped from a small boat through a Cole
Parker peristaltic pump using acid-cleaned TeflonH tubing
coupled to C-flex tubing, filtered through an acid-cleaned
polypropylene cartridge filter (0.22 mm, MSI-CalyxH), and
collected in 2-liter bottles for the release experiments. Four
randomly selected krill individuals were transferred into
each of three to five acid-washed 2-liter polycarbonate
bottles, so that 12 to 20 individuals were used per station,
with a total of 144 individuals tested along the cruise.
Experimental (containing krill) and control bottles (with-
out krill) were incubated in the dark, at in situ temperature,
for 30, 60, 90, 120, and 240 min. At each time step water
samples were collected from a different bottle and analyzed
for DOC, NHz4 , TN, and TP. Krill were then retrieved and
kept frozen until analyzed in the laboratory, where
specimens were thawed, dried to constant weight at 60uC
in a drying oven, and weighed to the nearest milligram. For
DOC, water was filtered through a GF/F filter and 10-mL
aliquots transferred to duplicate glass ampoules, precom-
busted at 450uC for 5 h, sealed under flame, and stored
until analysis in the laboratory. DOC analyses were
performed on a Shimadzu total organic carbon (TOC)-
5000 or TOC-Vcsh following high-temperature catalytic
oxidation techniques (Spyres et al. 2000). Standards
provided by D. A. Hansell and W. Chen (University of
Miami) of 2 mmol L21 and 44 mmol L21 TOC were used to
assess the accuracy of the estimates.
Water for TN and TP analysis was collected in duplicate
in high-density polyethylene tubes and kept frozen until
analyzed in a Bran-Luebe AA3 autoanalyzer using
standard methods (Hansen and Koroleff 1999) with
ultraviolet mineralization (Oms et al. 2003). NHz4 concen-
trations were determined spectrofluorometrically onboard
using a Shimadzu spectrofluorimeter (Ke´rouel and Aminot
1997). Krill abundance was estimated using a SimradTM
EK60 multifrequency echosounder. Working frequency
was 38 kHz with a 256-ms sampling interval, 1024 ms pulse
duration, and 2425-Hz bandwidth. The data obtained were
processed using SonarData Echoview 4 software. A
maximum depth of 100 m and 80-dB minimum target
strength, applying a time-varied gain function, was used to
identify the krill targets. Finally, the data were subjected to
a 100-m depth cell and a 1-min duration analysis. The
number of targets detected down to 100-m cells was
Fig. 1. Location and date of sampling of the eight experi-
mental stations spaced along the Antarctic peninsula.
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counted at 1-min intervals, and the volume sampled by the
beam calculated. Krill biomass was estimated as the
product of the individual weight (wt) of krill in each
station and the density (individuals m23) of krill within 10-
m depth bins, and vertically integrated within the top 50 m
of the water column, the layer containing most of the
specimens.
In situ primary production, total and particulate, was
measured by the 14C technique (Steeman-Nielsen 1952) as
described in Lasternas and Agustı´ (in press). Water was
sampled at least from three depths including the surface
(1 m), the subsurface (5 m), and the deep chlorophyll
maximum (DCM), in all cases shallower than 50 m. Water
collected at these depths was transferred into transparent
(light) and dark 150-mL polycarbonate bottles, and
inoculated with 100 mCi activity of a 14C working solution.
Inoculated bottles were suspended at the corresponding
depths from a drifting buoy and incubated in situ for 4 h.
At the end of the incubation period duplicate 5-mL aliquots
were transferred into 20-mL scintillation vials for the
determination of total primary production (TPP). The
remaining volume was filtered through 0.22 mm mesh
membrane filters (cellulose membrane filters) of 25-mm
diameter to determine particulate primary production (PPP
. 0.22 mm). Samples were acidified with 100 mL of 10%
HCl and shaken for 12 h to remove inorganic 14C. Then,
10 mL of scintillation cocktail (Packard Ultima Gold XR)
were added to TPP vials and the disintegrations per minute
were counted after 24 h with a scintillation counter (LS
5801, Beckman). DOC production by phytoplankton was
calculated as the difference between TPP and PPP (Mora´n
et al. 2001). The incubations contain the full microplankton
community and, hence, the DOC release measurements
include contributions from protist grazing and viral lysis as
well (Nagata 2000). However, for simplicity we refer to
these estimates as phytoplankton DOC release.
Chlorophyll a (Chl a) concentration was determined by
filtering 50-mL samples onto 25-mm diameter Whatmann
GF/F filters from each depth at each station. After
filtration, filters were placed in tubes with a 90% acetone
solution for 24 h to extract the pigment. Chl a fluorescence
was measured in a Shimadzu RF-5301 PC spectrofluorim-
eter, calibrated with pure Chl a as described in Parsons et
al. (1984).
Results
The experiments conducted at eight different stations
along the Antarctic Peninsula (Fig. 1) showed that krill
release large amounts of DOC and nutrients, although the
release rates decline rapidly with time (Fig. 2). Krill
released two-thirds of the total DOC released along the
full length of the incubations within 1.5 h after the onset of
the experiment (Fig. 3). The geometric mean initial rate of
DOC release was 202 mmol C g dry weight (dry wt)21 h21
(Table 2), although this rate was highly variable among
experiments (Table 1). Nutrient release rates followed the
same trend as those for DOC release (Fig. 2, Table 2). The
initial excretion products released by krill were relatively
nutrient depleted, as evidenced by high C :N and C : P
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ratios (median 73.93 and 140.36, respectively), with the
C :N ratio declining along the course of the incubations
(Table 3).
Phytoplankton primary production integrated down to
50 m was highly variable across the stations sampled,
ranging from 18.4 to 274.3 mmol C m22 d21, with a mean
(6 SE) DOC percent extracellular release of 56.08% 6
4.64% (Table 3) of TPP. Particulate organic carbon (POC)
and DOC production profiles showed variable rates,
spanning two orders of magnitude with a peak at the
DCM except for 12 February 2009 (Fig. 4), where a large
bloom occurred (Table 1). Krill standing stock averaged
25.1 6 9.1 g dry wt m22 and was calculated to release on
average 150 6 71.3 mmol C m22 d21 as DOC. Chl a
standing stock averaged 49.27 6 11.87 mg C m22, with an
average release of DOC of 55.44 6 16.26 mmol C m22 d21
(Table 3). However, only two of the four stations where
both rates could be calculated did krill DOC release exceed
TPP (Table 1). The combined flow of DOC from phyto-
plankton and krill averaged 205.4 6 77.7 mmol C m22 d21
compared with an average DOC standing stock of 2.7 6
0.1 mol C m22 (Table 1).
Discussion
The data presented here highlight the important role that
krill play in the Southern Ocean. Indeed, krill is recognized
as the central node in the Antarctic ecosystem, providing a
food source for higher-order consumers (whales, penguins,
seals) (Murphy 1995), but also remineralizing nutrients and
metals essential for phytoplankton growth (Ikeda and
Mitchell 1982; Tovar-Sanchez et al. 2007). The results
demonstrate that krill also play a key role as a source of
DOC, thereby increasing the flow of carbon potentially
available to support heterotrophic bacteria. Recent evi-
dence that krill release substantial amounts of colored
dissolved organic matter, with doubling times of less than a
day at high krill densities (Ortega-Retuerta et al. 2009),
provided indications for potentially high DOC release. Yet,
Fig. 3. Mean6 SD percentage of total DOC released at each
time step, calculated from the release rate of each experiment at
each time step.
Table 2. Geometric mean and geometric standard deviation
(SD) of DOC and nutrient release rates by Antarctic krill in mmol g
dry wt21 h21, (n 5 8 experiments). The rates reported are those
calculated after 30 min of incubation.
Mean SD
DOC 202.00 4.15
TN 27.72 1.35
TP 2.92 2.05
NHz4 13.35 1.66
Table 3. Median and standard error of the mean (SE) for the
carbon-to-nutrient and nitrogen-to-phosphorus ratios at each
time step along the duration of the experiments (n 5
8 experiments).
Time
(min)
C :N N : P C : P
Median SE Median SE Median SE
30 73.93 62.86 4.07 5.62 140.36 226.44
60 30.03 9.54 10.41 3.76 251.13 47.79
90 39.54 29.46 4.87 5.34 169.65 286.37
120 23.13 33.61 5.56 4.18 127.29 77.71
240 20.25 15.36 3.91 6.26 97.06 26.65
Fig. 2. Fit of the geometric mean 6 SD release rates for the
eight experiments. DOC 5 170 e20.0054time, R2 5 0.75. TN 5
24 e20.0039time, R2 5 0.68. TP 5 2.9 e20.0026time, R2 5 0.88.
NHz4 5 13 e
20.0036time.R25 0.89. All p, 0.05 except TN p. 0.05.
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Fig. 4. Vertical profiles of POC and DOC primary production. Horizontal line represents
the DCM, always shallower than 50 m.
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the use of CDOM as a proxy for DOC is only supported
when riverine discharge controls the distribution of both
DOC and CDOM. Attempts to calculate DOC from
CDOM in other environments are flawed by large
uncertainties, largely due to decoupled dynamics of both
fractions, and a variable background of noncolored DOC
in the water (Coble 2007). The results presented here
quantitatively demonstrate that krill play an important role
in the flux of dissolved organic matter.
As demonstrated for nutrient and metal release (Tovar-
Sanchez et al. 2007, 2009), the release of DOC by krill
decreased rapidly over time when the animals are removed
from prey, as was the case for the experiments conducted
here. This is in agreement with the reported krill gut
clearance rates of , 1 h (Morris et al. 1983; Clarke et al.
1988). As krill are constantly feeding (Morris et al. 1983),
they are able to maintain high DOC release rates
throughout the day, releasing, on average, 16% of their
carbon biomass as DOC per day (calculated from the data
in Table 1). The depletion in N and, to a lesser extent, P
relative to DOC of krill release products (Table 3) could
limit bacterial use in the absence of inorganic nutrients.
However, inorganic nutrient concentrations are character-
istically high in Antarctic waters (Timmermans et al. 2001)
so that low nutrient-to-DOC release ratios should not limit
use of krill-derived DOC by bacteria.
Krill was found to be an important source of recycled
DOC in the system, supporting high rates of DOC release,
comparable with those supported by phytoplankton
(Table 1). Provided that submarine light availability at
the time the study was conducted (January–February 2009)
allowed photosynthetic rates to proceed over 14 h, whereas
krill feed, and therefore release DOC, throughout 24 h
(Morris et al. 1983). Whereas krill and phytoplankton
release rates varied greatly, rates normalized to biomass (g
dry wt for krill and Chl a for phytoplankton) were
relatively uniform, with normalized rates varying three-
and fourfold, respectively. Phytoplankton DOC release
rate estimates include that released directly by phytoplank-
ton as well as that mediated by protist grazing. However,
DOC release rates by zooplankton other than krill were not
assessed, so that the release rates presented here should be
considered minimum estimates of the total DOC released
by zooplankton. The contribution of krill to DOC release is
much greater than the average value of 12% of DOC
production contributed by zooplankton calculated by
Nagata (2000) for the global ocean, even though the
estimate derived here refers to krill alone and does not
include the contribution from other components of the
zooplankton community, such as copepods. Phytoplankton
DOC release rates ranged from 40.43% to 72.65% of TOC
production, well above the range (3% to 47%) reported for
the same region by Mora´n and Estrada (2002). Yet, the
combined DOC production by phtytoplankton and krill
was well above that of phytoplankton alone, averaging 205
6 77.7 mmol C m22 d21, of which krill contributed 73.03%
6 21% (calculated from Table 3). However, the contribu-
tion of krill as a source of DOC varied greatly because of
the patchy distribution of both krill and primary producers
in the region, ranging from 98% to 10% of the combined
(krill + phytoplankton) DOC release rate. Indeed, Mora´n et
al. (2002) reported that BCD often exceeds the carbon
supplied as DOC by phytoplankton in Antarctic coastal
waters, and suggested that such carbon was supplied by
terrestrial inputs (Mora´n et al. 2002). However, the results
presented here indicate that krill is an important source of
DOC in the Antarctic ecosystem hitherto unaccounted for.
The efficient recycling of nutrients by krill has led to the
argument that these animals play a fundamental role in
conditioning the Southern Ocean pelagic ecosystem to
maintain it at a high productivity level (Smetacek 2006;
Tovar-Sanchez et al. 2007; Nicol et al. 2010). The results
presented here suggest that krill not only recycle nutrients
to support phytoplankton growth, but they do, in fact,
retain nutrients differentially (Table 2) so that their
contribution as an important source of DOC potentially
used by bacteria, implying an important role of krill in the
maintenance of microbial food webs, may be greater than
anticipated. With gut cleareance rates of less than an hour,
krill are expected to deliver DOC and nutrients at the initial
rates and stoichiometry measured, resulting in a buildup of
carbon relative to nitrogen, available to the microbial
community. Moreover, whereas krill consume a broad
range of prey, from phytoplankton to copepods (Hamner et
al. 1983; Price et al. 1988), bacteria are too small to be
removed by krill, except when associated with detritus
ingested by krill. Hence, krill provides resources, DOC, and
nutrients for bacteria without, unlike for phytoplankton,
impinging severe losses on the bacterial community.
Moreover, the characteristically patchy distribution of krill
(Siegel 2000) suggests that DOC release by krill should play
an important role as a source of patchiness in microbial
activity in the region.
The importance of krill as a source of carbon for bacteria
suggests that the recent observations of the decline in krill
standing stock associated with reduced ice cover (Loeb et
al. 1997; Atkinson et al. 2004) may have more pervasive
effects in the Antarctic ecosystem than hitherto believed,
affecting not only the metazoan food web directly, but the
microbial food web as well. In addition to their potential
effect on bacteria, the release of DOC by krill is sufficient in
magnitude to play a significant role in carbon cycling in
Antarctic waters. Indeed, the combined DOC release by
phytoplankton and krill, with a contribution of krill that
matches or exceeds that of phytoplankton, indicates that
the DOC pool, which is particularly small in Antarctic
waters (Ka¨hler et al. 1997), may turn over rather fast, at
minimum rate of 10% 6 2% d21 (calculated from Table 1).
Hence, the decline of krill stocks may have effects on the
remineralization of organic carbon. On the basis of the
results presented here, we therefore hypothesize that krill
release products must greatly stimulate Antarctic bacterial
communities with unforeseen consequences to the carbon
balance of the Southern Ocean, a hypothesis that awaits
experimental test.
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